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High levels of unconjugated bilirubin (UCB) can be neuro-
toxic. Nevertheless, the mechanism of UCB interaction with
neural cells is still unknown. This study investigates whether
cultured rat neurons and astrocytes respond differently to UCB
exposure. UCB toxicity was evaluated by lactate dehydrogenase
release, induction of apoptosis, cytoskeleton degeneration,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction, and glutamate uptake. Primary cultures of rat
brain astrocytes and neurons were incubated at 37°C with 85.5
�M UCB plus 28.5 �M albumin for 4 h. In assays of glutamate
uptake, cells were exposed to 80–120 �M UCB plus 100 �M
albumin for 15 min. The results showed that after incubation with
85.5 �M UCB, lactate dehydrogenase release was greater in
neurons than in astrocytes (38% versus 14%, p � 0.05). Also,
levels of apoptosis were markedly enhanced in neurons (29%
versus 19%, p � 0.01). In accordance, neuronal cytoskeleton
disassembly was evident during incubation with 85.5 �M UCB,
whereas equivalent effects on astrocytes required as much as
171 �M. Conversely, inhibition of MTT metabolism and
glutamate uptake by UCB was more pronounced in astrocytes

than in neurons (74% versus 60%, p � 0.05 and 41% to 56%
versus 25% to 33%, p � 0.05, respectively). In conclusion, the
study demonstrates that astrocytes are more susceptible to
inhibition of glutamate uptake and MTT reduction by UCB,
whereas neurons are more sensitive to cell death by necrosis
or apoptosis. These results suggest that UCB is toxic to both
astrocytes and neurons, although through distinct pathways.
(Pediatr Res 51: 535–541, 2002)

Abbreviations
FCS, fetal calf serum
FITC, fluorescein-isothyocianate
GFAP, glial fibrillary acidic protein
HSA, human serum albumin
LDH, lactate dehydrogenase
MTT, 3-(4,5-dimethylthiazol, 2-yl)-2,5-diphenyltetrazolium
bromide
TUNEL, terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end-labeling
UCB, unconjugated bilirubin

Neonatal jaundice is a very common predicament, usually
requiring therapeutic intervention in early life. The signifi-
cance of neonatal hyperbilirubinemia can vary from a minor
nontoxic phenomenon to death by kernicterus (1–3). In
contrast to kernicterus, where permanent lesions or death are
likely to occur (4 – 6), bilirubin encephalopathy can result in
transient or sometimes definitive effects of UCB toxicity,
such as auditory and visual impairment (7–9). However, the
mechanisms of bilirubin encephalopathy and kernicterus
remain unclear.

Nerve cells are the main target for UCB cytotoxicity. In fact,
several effects of UCB toxicity to neurons have been reported
either in brain sections (10–12), cultured cell lines (13, 14), or
isolated nerve terminals (15–18). Although neurons have been
suggested as more susceptible than astrocytes (13), more

recent reports describe compromised astrocyte function fol-
lowing UCB interaction (19 –22). Evidence is also arising
on the influence of astrocytes in neuronal function, metab-
olism, and survival (23–26). The role of astrocytes on UCB
toxicity is further reinforced by electron microscopic and
autoradiographic studies on experimental kernicterus, indi-
cating that these cells represent the main transporters of
UCB from blood to neurons and are also involved in the
release of waste products from UCB damaged neurons (27,
28).

We have previously shown that UCB significantly reduces
glutamate uptake in astrocytes (22) and induces apoptosis both
in neurons and astrocytes (29). Nevertheless, comparative data
on cell susceptibility to UCB toxicity are still scarce. In this
study, we evaluate several toxic effects of UCB on cultured rat
neurons and astrocytes to differentiate cell response and, there-
fore, better understand the underlying mechanism leading to
UCB encephalopathy and/or kernicterus. The results show that
neurons are more sensitive than astrocytes to necrotic or
apoptotic cell death, and to cytoskeleton disruption by UCB.
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Conversely, astrocytes demonstrate a greater inhibition of both
MTT metabolism and glutamate uptake.

MATERIALS AND METHODS

Materials. Dulbecco’s medium modified by Eagle
(DMEM), Neurobasal medium, B-27 Supplement 50�, Hanks’
balanced salt solution (HBSS-1), Hanks’ balanced salt solution
without Ca2� and Mg2� (HBSS-2), gentamicin (50 mg/mL),
and FCS, were purchased from Invitrogen (Carlsbad, CA,
U.S.A.). Bilirubin, antibiotic antimycotic solution (100�),
HSA fraction V, fatty acid free, MTT, rabbit antibodies against
GFAP, tubulin and neurofilaments 200 kD, and goat antibody
anti-rabbit labeled with FITC were from Sigma Chemical (St.
Louis, MO, U.S.A.). 3H-glutamate (specific activity 49 Ci/
mmol) was obtained from Amersham Life Science (Little
Chalfont, Buckinghamshire, U.K.). Cell culture clusters (12-
well) were from Corning Costar (Cambridge, MA, U.S.A.). All
other chemicals were of analytical grade and were purchased
from Merck (Darmstadt, Germany). Commercial bilirubin was
further purified according to the method of McDonagh and
Assisi (30) before use.

Cell cultures. Astrocytes were isolated from 2-d-old Wistar
rats as described previously (20), with minor modifications
(22). Briefly, the rat brain was collected after decapitation in
DMEM containing 11 mM sodium bicarbonate, 71 mM glu-
cose, and 1% antibiotic and antimycotic solution. Meninges,
blood vessels, and white matter were removed. The cortex was
homogenized by mechanical fragmentation, and the cell sus-
pension passed sequentially through steel screens of 230-,
104-, and 73.3-�m pore size. Cells were collected by centrif-
ugation at 700 � g for 10 min and resuspended in DMEM
supplemented with 10% FCS. Finally, 2.0 � 105 cells/cm2

were plated on 12-well tissue culture plates and maintained at
37°C in a humidified atmosphere of 5% CO2. Culture medium
was replaced at d 7 and 10, and the confluent cultures used at
d 11. Neurons were isolated from fetuses of 17–18 d pregnant
Wistar rats as previously described (31) with minor modifica-
tions. In short, pregnant rats were ether anesthetized and
decapitated. The fetuses were collected in HBSS-1 and rapidly
decapitated. After removal of meninges and white matter, the
brain cortex was collected in HBSS-2 and mechanically frag-
mented. The cortex fragments were transferred to a 0.025%
trypsin in HBSS-2 solution and incubated for 15 min at 37°C.
Following trypsinization, cells were washed twice in HBSS-2
containing 10% FCS, and resuspended in Neurobasal medium
supplemented with 0.5 mM L-glutamine, 25 �M L-glutamic
acid, 2% B-27 Supplement, and 0.12 mg/mL gentamicin.
Aliquots of 1 � 105 cells/cm2 were plated on 12-well tissue
culture plates and maintained at 37°C in a humidified atmo-
sphere of 5% CO2. Every 3 d, 0.5 mL of old medium was
removed by aspiration and replaced by the same volume of
fresh medium without glutamic acid. Cells were used after 8 d
in culture. Our institutional animal care and use committee
approved all animal procedures.

The use of fetal brains at 2–3 d before delivery increases the
efficiency of neuronal cultures, because embryonic tissue has
fewer cell connections than older tissue. The use of older

brains makes the isolation of neurons more difficult because
irreversible damage to cell contacts and to shared axons and
dendrites is more likely to occur. Furthermore, contamination
by glial cells, already observed in cultures from brain cortex of
1-d postnatal rats, is avoided by the use of fetal brains. Finally,
preparation of astrocyte cultures from brain cortex of 2-d-old
rats minimizes the presence of cortical neurons.

UCB treatment of astrocytes and neurons. UCB was dis-
solved in 0.1 N NaOH to prepare an 8.6 mM stock solution.
The stock solution was added to either DMEM (astrocytes) or
Neurobasal medium (neurons), containing HSA, to obtain a
final UCB concentration of 85.5 �M, at a UCB/HSA molar
ratio of 3:1. Cultured cells were then exposed to UCB for 4 h,
at 37°C, in the dark. In selected experiments, astrocytes were
exposed to 171 �M UCB and 57 �M HSA. In addition, cells
were also incubated for 15 min, at 37°C, with 80, 100, and 120
�M UCB, in the presence of 100 �M HSA, for the assessment
of glutamate uptake. In all UCB incubations, the pH was
restored to 7.4 by adding 0.1 M HCl. Although rarely found in
jaundiced newborns, UCB to HSA molar ratio of 3 was used to
achieve, in short incubation periods, significant interaction of
UCB with the cell, mimicking the toxic conditions of a pro-
longed hyperbilirubinemia (6, 32). Also, we decided to use
lower molar ratios to evaluate alterations in the glutamate
uptake by neural cells to reproduce initial steps of UCB
cytotoxicity and because previous studies in astrocytes evi-
denced a reduced uptake in these milder conditions (22).

Cell viability. The assay used to evaluate cell viability was
based on the release of LDH by nonviable cells. LDH was
evaluated in the incubation medium of cells exposed to UCB
using the Cytotoxicity Detection kit, LDH (Roche Molecular
Biochemicals, Mannheim, Germany). All readings were cor-
rected for the possible interference of UCB absorption, and in
control experiments UCB was excluded. Results were ex-
pressed as percent of total LDH release, obtained by treating
nonincubated cells with 0.5% Triton X-100 for 5 min.

Assessment of apoptosis. Cells exposed to UCB were
washed twice with PBS, pH 7.4, and fixed for 15 min, at room
temperature, with freshly prepared 4% formaldehyde in PBS.
Apoptosis was assessed by DNA fragmentation using the
TUNEL assay (Roche Molecular Biochemicals). The specific
technique uses terminal deoxynucleotidyl transferase to attach
fluorescein-labeled dUTP to free 3'-OH DNA ends. Astrocyte
permeabilization was achieved using 0.1% Triton X-100 in
0.1% sodium citrate, for 5 min at 4°C, while 5% Triton X-100
was needed to permeabilize neurons. The number of TUNEL-
positive cells (i.e. red nuclei) were counted in at least five
random microscopic fields (�400) for each sample and the
mean values expressed as the percentage of apoptotic nuclei.

Immunocytochemistry. Cells for immunostaining were
fixed with 4% formaldehyde as described above. After three
washings in PBS containing 15% sucrose and 0.01% sodium
azide, cells pretreated with 0.1% Triton X-100 in PBS for 30
min at room temperature were placed in contact with rabbit
diluted primary antiserum against either GFAP (astrocytes),
neurofilaments 200 kD (neurons), or tubulin, and incubated
overnight at 4°C. Cells were then washed twice in PBS and
incubated with a FITC-labeled secondary goat anti-rabbit an-
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tibody for 1 h at room temperature. Fluorescence was exam-
ined using a Axioskop fluorescence microscope (Carl Zeiss
GmbH, Jena, Germany).

MTT reduction. A stock solution of MTT at 5 mg/mL in
DMEM was prepared weekly, filter-sterilized, and stored at
�20°C. Cellular reduction of MTT was measured in cells
exposed to 85.5 �M, as described before (33), with modifica-
tions. After removing UCB, cells were incubated for 1 h at
37°C with 500 �L of MTT at 0.5 mg/mL, prepared by dilution
of the stock solution with DMEM. After incubation, medium
was discarded and MTT formazan crystals dissolved by addi-
tion of 1 mL isopropanol/HCl 0.04 M and gentle shaking in an
orbital shaker for 15 min at room temperature. After centrifu-
gation, absorbance values at 570 nm were determined in an
Unicam UV2 spectrophotometer (Unicam Limited, UV2, Cam-
bridge, UK). Results were expressed as percentage of control,
which was considered as 100%.

Glutamate uptake. Glutamate uptake was estimated in cells
exposed for 15 min to 80, 100, and 120 �M UCB in the
presence of 100 �M HSA by an adaptation of the method of
Swanson et al. (34) as previously described (22). 3H-glutamate
(25 nCi) and unlabeled glutamate, to a final concentration of 5
�M (neurons) or 50 �M (astrocytes), were added to each
culture well and incubated for 7 min. At the end of the
incubation period, medium was removed and glutamate uptake
stopped by three washes with ice-cold PBS followed by im-
mediate addition of 1 mL NaOH 1 M to promote cell lysis.
Aliquots of each cell lysate were taken for protein estimation
using the method of Lowry et al. (35), as well as for glutamate
radioassay. Scintillation counts were performed in a Beckman
LS 6000LL liquid scintillation spectrometer with internal
quench correction (Beckman Instruments, Inc., Fullerton, CA,
U.S.A.). Quench correction was further validated by using an
aliquot of a cell lysate from a parallel incubation with UCB in
the absence of labeled glutamate. Controls were performed
without UCB. Results of glutamate uptake in experiments with
UCB were compared with absolute values obtained in the
absence of the pigment (controls) and expressed as relative
uptakes, i.e. as percentage of controls. The use of lower
unlabeled glutamate concentrations in assays using neuronal
cells is intended to avoid cell death by an excitotoxic mecha-
nism (36).

Statistical analysis. Differences between control and UCB-
treated cells were compared using the two-tailed t test for a
two-sample population and were considered statistically sig-
nificant when p � 0.05. Results are expressed as mean � SEM.

RESULTS

Loss of cell viability is greater in neurons than in astro-
cytes after exposure to UCB. LDH release increased from 4.5
� 0.5% in control astrocytes to 13.9 � 2.1% (p � 0.01) in
treated cells, after 4 h exposure to 85.5 �M UCB. In neurons,
similar incubation conditions resulted in an increase in LDH
release from 7.2 � 1.5% in controls to 37.0 � 5.7% (p � 0.01)
in exposed cells (Fig. 1). No significant difference was, how-
ever, found between control values for the different cell types
(p � 0.1). Therefore, exposure of neural cells to UCB produces

loss of cell survival, as demonstrated by the release of intra-
cellular LDH to the incubation medium, both in astrocytes and
neurons. However, neurons exhibited a three-fold increased
sensitivity to UCB compared with astrocytes (p � 0.01).

Apoptosis is more marked in neurons than in astrocytes
after exposure to UCB. To evaluate other differences on cell
response to UCB-induced toxicity, we determined levels of
apoptosis in cells after incubation with UCB. Apoptotic cell
death was significantly elevated in both cultured rat astrocytes
and neurons after incubation with UCB, as assessed by eval-
uation of DNA fragmentation using the TUNEL assay (Fig. 2).
In fact, treatment with 85.5 �M UCB for 4 h caused a four- and
five-fold increase in glial and neuronal apoptosis, respectively
(p � 0.01). Control values of apoptosis in astrocytes and

Figure 1. Loss of cell viability is greater in neurons than in astrocytes after
incubation with UCB. Astrocytes or neurons in culture were incubated with
85.5 �M UCB plus 28.5 �M HSA for 4 h, at 37°C. In control experiments,
UCB was omitted. Viability was assessed by the release of LDH by nonviable
cells, as described in “Materials and Methods.” After incubation with UCB,
viability is approximately 3-fold lower in neurons than in astrocytes. Results
are expressed as percentage of total LDH release. Each bar represents the mean
� SEM of six separate experiments. *p � 0.01 from control; ‡p � 0.01 from
astrocytes.

Figure 2. Apoptosis is more marked in neurons than in astrocytes after
incubation with UCB. Cells were incubated with 85.5 �M UCB plus 28.5 �M
HSA, for 4 h, at 37°C. Control was performed in the absence of UCB. DNA
fragmentation was assessed by the TUNEL assay, as described in “Materials
and Methods.” UCB-induced apoptotic cell death is 1.6-fold higher in neurons
than in astrocytes. The results are means � SEM for at least six different
experiments. *p � 0.01 from control; ‡p � 0.01 from astrocytes.
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neurons showed no statistical difference (p � 0.6). As for cell
viability, comparison of apoptotic levels between the two cell
types revealed that neuronal cells were 1.6-fold more suscep-
tible to UCB toxicity than glial cells (p � 0.01).

Cytoskeletal alterations are more pronounced in neurons
than in astrocytes following exposure to UCB. To evaluate the
effect of UCB on glial and neuronal cytoskeleton, we used
indirect immunocytochemical analysis of specific intermediate
filaments present in astrocytes (GFAP) and neurons (neurofila-
ments 200 kD), as well as microtubule tubulin. As expected, in
the absence of UCB, cultured astrocytes displayed a strong
immunoreactivity for GFAP, with the filaments distributed as a
dense network in the cell cytoplasm, surrounding the nucleus
and reaching the cell surface (Fig. 3A). In contrast, labeling
was considerably reduced in the presence of 171 �M UCB,
whereas the filamentous distribution was almost completely
converted into dispersed particles throughout the cytoplasm

(Fig. 3B). In addition, the polygonal morphology of cell has
changed to an elongated shape, and yellow deposits of UCB
became evident. In the same way, tubulin filamentous distri-
bution was affected by UCB treatment, revealing loss of im-
munoreactivity, granular distribution (Fig. 3, C and D) and
intense cellular yellow discoloration.

Neurons in culture for 8 d displayed a marked immunore-
activity for neurofilaments (Fig. 3E) and tubulin (Fig. 3G), and
a characteristic morphology of small, bipolar or multipolar
cells, with a distinct neuritic network. Similar to that observed
in astrocytes, neuronal cytoskeleton was disrupted by UCB,
despite the lower concentration used (85.5 �M), showing loss
of immunostaining and filament reticular distribution, as well
as destruction of the neuritic network (Fig. 3, F and H). Yellow
discoloration was less evident in UCB-treated neurons com-
pared with astrocytes, probably as a consequence of the dif-
ferent concentrations used in both experiments. Equivalent
effects were produced when cells were exposed to UCB at
different pH values, such as those of 7.0 and 8.0, although
higher UCB precipitation was apparent at the former pH (data
not shown).

MTT metabolism is more affected in astrocytes than in
neurons after exposure to UCB. Having shown that neurons
are more sensitive than astrocytes to both cell death and
cytoskeletal alterations induced by UCB, we next investigated
whether this toxic agent influences cell function in a similar
manner. Thus, the conversion of MTT to a blue formazan
product was measured in astrocytes and neurons exposed to
85.5 �M UCB for 4 h. Incubation with UCB markedly reduced
the ability of astrocytes to convert MTT to 26.0 � 1.2% of
control values (p � 0.01). Neurons also demonstrated a 40.0 �
5.8% decrease in the conversion of MTT compared with
nontreated cells (p � 0.01) (Fig. 4). However, it is meaningful
that astrocytes were at this point significantly more disturbed
than neurons (p � 0.05), in contrast with previous data regard-
ing cell death and cytoskeleton disassembly.

Figure 3. Cytoskeletal alterations are more pronounced in neurons than in
astrocytes after incubation with UCB. Cells were incubated with 171 and 85.5
�M UCB, at a UCB to HSA molar ratio of 3, for 4 h, at 37°C. In control
experiments, UCB was omitted. Astrocytes were immunostained for GFAP (A
and B) and tubulin (C and D), whereas neurons were immunostained for
neurofilaments 200 kD (E and F) and tubulin (G and H), as described in
“Materials and Methods.” Cells in control experiments show strong immuno-
fluorescent reactivity either for GFAP (A) or neurofilaments (E), and also for
tubulin (C and G). Alterations on astrocyte cytoskeleton (B and D) require 171
�M UCB, whereas modifications of neuronal cytoskeleton filaments (F and H)
occur at 85.5 �M UCB.

Figure 4. MTT metabolism is more affected in astrocytes than in neurons
after incubation with UCB. Cells were exposed to 85.5 �M UCB plus 28.5 �M
HSA, for 4 h, at 37°C. Control was performed in the absence of UCB. MTT
conversion to a blue formazan product was assessed as described in “Materials
and Methods.” MTT reduction is 1.5-fold lower in UCB exposed astrocytes
than in neurons. Results, expressed as percentage from controls, are mean �
SEM of six separate experiments. *p � 0.01 from control; †p � 0.05 from
astrocytes.
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Inhibition of glutamate uptake is higher in astrocytes than
in neurons following exposure to UCB. To gain further com-
prehension on different cell response to toxicity of UCB, we
examined the effect of 80, 100, and 120 �M UCB, at a constant
100 �M HSA, on the rate of glutamate uptake in astrocytes and
neurons (Fig. 5). Both astrocytes and neurons revealed a
reduced uptake of glutamate over a 7-min incubation period
with the 3H-labeled amino acid (p � 0.05), irrespective of the
UCB concentration used. Nevertheless, although impairment
varied between 42% and 56% in astrocytes, no more than 25%
to 33% were attained in neurons. Moreover, increased suscep-
tibility of astrocytes toward neurons proportionally expanded
by the concentration of UCB (80 �M, p � 0.05; 100 �M, p �
0.01; 120 �M, p � 0.001).

DISCUSSION

In this study, we demonstrate that astrocytes and neurons
exhibit a different cell response to UCB-induced toxicity.
Using similar UCB concentrations, we found that neural cells
present a higher rate of cell death by necrosis or apoptosis,
whereas astrocytes rather revealed an impairment on glutamate
uptake and MTT metabolism. Toxicity of UCB to neural cells
has been demonstrated, either in vivo (27, 28, 37–39) or in vitro
(12, 14, 15, 18, 19, 22), and a higher sensitivity of neurons to
UCB has previously been suggested (13). However, as far as
cell function is concerned, this is one of the first studies
demonstrating that astrocytes can be more susceptible than
neurons to UCB.

The use of the terms kernicterus and bilirubin encephalo-
pathy to interchangeably refer to UCB toxicity in the neonatal
period has recently been questioned (2, 3). In fact, it appears
that kernicterus and bilirubin encephalopathy are two different
manifestations of UCB toxicity; the first corresponding to the

classic deposition of the pigment in defined brain areas with
neuronal degeneration as a result of high levels of serum UCB,
and the second comprehending diffuse staining of the brain and
edema as a result of lower serum levels (3, 40). Whereas
irreversible neurologic damage and death may result from
kernicterus, a more subtle expression, including reversible or
transitory effects such as lethargy and alterations in evoked
potentials, was associated with the bilirubin encephalopathy
syndrome (2). Once again, the question as to whether both
manifestations share a common graded mechanism or reflect
different entities remains unanswered. In addition, it is impor-
tant to clarify the molecular basis for the interaction between
neural cells and UCB.

Involvement of both neurons and glia in UCB toxicity was
demonstrated in autopsy findings of subjects with kernicterus,
showing decreased neuronal elements and reactive glial pro-
liferation in several brain areas (3). Moreover, in an in vivo
model of experimental kernicterus, astrocytes seem to play an
important role both in the delivery of UCB to neurons, and
elimination of toxic waste products from neurons to the blood
stream (27, 28).

In the present study, several techniques directed at assessing
both cell death and function were used to investigate whether
astrocytes and neurons respond differently to UCB toxicity.
Our results showed that the release of LDH by neurons was
increased three-fold when compared with astrocytes, indicating
an increased sensitivity of the former cells to UCB-induced
necrotic death. Accordingly, apoptosis, a distinct form of cell
death, was also significantly higher in neurons than in astro-
cytes after exposure to UCB. It is then conceivable that binding
of UCB to neuronal cells is favored over that to astrocytes,
facilitating the access of this molecule to intracellular targets,
thus rendering those cells more vulnerable to irreversible cell
damage. This assumption is corroborated by alterations on
cytoskeletal filaments, an intracellular target of both astrocytes
and neurons, where disassembly of neuronal intermediate fil-
aments and tubulin required much lower concentrations of
UCB. Such type of cytotoxic phenomena is apparently due to
the acid species of UCB (6) involving UCB aggregation and
deposition into cell membranes or intracellularly (14, 41, 42).
Indeed, if the anionic species of UCB were responsible for the
cytoskeleton disassembly, then increased alterations would be
expected as the pH rose to 8.0, which did not occur.

In contrast with data on cell death, our studies on MTT
metabolism indicate that astrocytes are more disturbed by UCB
than neurons, as evidenced by the lower ability of the former
cells to promote MTT reduction. The use of the MTT conver-
sion as an indicator of mitochondrial function has been recently
questioned based on the assumption that alterations on MTT
metabolism rather result from deficient endocytic or exocytic
pathways. In fact, the intracellular reduction of MTT, which is
preceded by MTT endocytosis, originates a formazan yellow
product that is taken out by exocytosis (43–47). We have
shown that UCB is also able to inhibit the endocytosis of
ferritin by astrocytes (48), suggesting that a similar effect may
have accounted for the lower MTT reduction observed in the
present study. Even considering that mitochondria are not
involved, conversion of MTT is comprehensively used as an

Figure 5. Inhibition of glutamate uptake is higher in astrocytes than in
neurons after incubation with UCB. Cells were incubated with 80, 100, and
120 �M UCB, plus 100 �M HSA, for 4 h, at 37°C. Glutamate uptake assessed
as described in “Materials and Methods.” In control experiments, UCB was
omitted. UCB has a concentration-dependent inhibitory effect on glutamate
uptake in both astrocytes and neurons. However, inhibition is approximately
1.6-fold greater in glial than in neuronal cells. Results, expressed as percentage
from controls, are mean � SEM of 10 separate experiments. ‡p � 0.01 and †p
� 0.05 from neurons; p � 0.05 all data points from control.
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indicator of cell function. Our findings regarding the enhanced
susceptibility of astrocytes to UCB toxicity may be of great
relevance because glial cells seem to play a key role in the
maintenance of brain function (23). In addition, interdepen-
dence of astrocytes and neurons has been demonstrated in
studies reporting that astrocytes deliver glutamine and glucose
to neurons (24, 49), and protect neuronal cells from toxic
agents (25, 50, 51).

Although we cannot exclude the involvement of UCB ag-
gregates on the impairment of MTT metabolism, the results are
equally consistent with an interaction at a superficial level of
the membrane leaflet according to the multistep concept of
UCB cytotoxicity (14, 18, 52). This latter hypothesis was
tested by evaluating the uptake of the neurotransmitter gluta-
mate, as a different approach to estimate cell function. Thus,
we used UCB/HSA molar ratios of 0.8, 1.0, and 1.2 which are
closer to the physiologic conditions and less favorable to UCB
aggregation. Moreover, the use of lower molar ratios and short
incubation periods (15 min) ensured the maintenance of cell
viability during the experiments (cell death was not �1%, even
when a molar ratio of 3 was used). The greater impairment of
glutamate transport by UCB in astrocytes compared with neu-
rons may therefore result from an alternative mechanism to that
inducing cell death. Indeed, there is evidence supporting that
the reduced uptake of glutamate induced by UCB in astrocytes
is due to monoanion species, and thus partially reverted by
albumin (22).

It is conceivable that astrocytes are more resilient to UCB
damage, through a higher expression of active efflux pumps
(53), or a greater capacity to handle UCB detoxification (54).
However, other cellular functions are more affected in astro-
cytes than in neurons. This raises the possibility that differ-
ences in cell vulnerability are related to distinct cell responses
to UCB toxicity, depending on the pathway(s) involved. Fur-
ther studies are needed, however, to definitively clarify this
issue.

In conclusion, the results suggest that UCB toxicity in neural
cells is promoted at least by two distinct mechanisms: one
more severe, inducing cell death and most likely responsible
for irreversible lesions, to which neurons are particularly sus-
ceptible; and the other milder, compromising some aspects of
cell function and probably related with transitory or reversible
damage, to which astrocytes showed increased vulnerability.
Thus, although less sensitive to cell death than neurons, astro-
cytes are still greatly affected by UCB and most likely partic-
ipate as well in the pathogenesis of bilirubin encephalopathy.
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